Rheological behavior was examined for aqueous suspensions of a mixture of monodisperse polystyrene (S) particles having different radii, 42 nm and 103 nm. The bare volume fraction of the particles, , was almost identical in all suspensions examined ( =0.42-0.43), and the mixing ratio of the small particles, ws, was varied. The particles had an electrostatic shell due to the surface charges, and the shell thickness was different for the small and large particles in respective unimodal suspensions. Thus, the viscoelastically effective volume fraction eff (including the shell volume) of the particles, being larger than , changed with ws. In the linear viscoelastic regime, the suspensions exhibited terminal relaxation attributable to Brownian motion of the particles, and the terminal relaxation time and zero-shear viscosity 0 first decreased and then increased with increasing ws. These viscoelastic features were compared with predictions of the Shikata-NiwaMorishima (SNM) model considering the Brownian motion of hypothetical unimodal particles with a radius being equal to an average of the radii of the large and small particles. The ws dependence of and 0 of the aqueous S suspensions was well described by this model, given that the change of eff with ws was accounted. Under steady flow, the suspensions of the S particles exhibited shear thinning of the viscosity. This thinning, attributable to nonlinearity of the Brownian stress, was less significant for the bimodal suspensions (in particular for the suspension with ws = 0.25) than for the unimodal suspensions (ws = 0 and 1). This difference resulted from a difference of the strain col required for particle collision under flow: col was the largest for the bimodal suspension with ws = 0.25 thereby inducing the weakest thinning in this suspension. In fact, the unimodal and bimodal suspensions exhibited an universal relationship between the normalized viscosity and normalized strain / col (with being the strain effectively imposed through the flow) irrespective of the ws value.
The strain/flow-induced particle collision, that tends to randomize the particle distribution to reduce the Brownian stress and enhance the damping/thinning, is less significant for the MS particles having the soft/penetrable shell.
Considering these similarity and difference between the MS and silica suspensions, we have further we have compared the properties of our bimodal softshell suspensions with those of bimodal hard-core silica suspensions examined by Shikata et al. 16, 17) We found that the effective radii of respective soft-shell particles changed with the mixing ratio and this change strongly affected the properties. Details of these findings are summarized below.
EXPERIMENTAL
Large and small polystyrene particles (charged latexes) obtained from two batches of emulsion polymerization were utilized. These particles were characterized with dynamic light scattering (DLS; UPA-150, Microtrac) in aqueous suspensions containing concentrated KCl. The DLS data for dilute particles were the same at the KCl concentrations cKCl = 0.1 and 0.01 mol/L, meaning that the surface charges of the particles had negligible effects on the particle motion (more specifically, hydrodynamic radius) at these cKCl. Bare radii of the large and small particles, determined at those cKCl, were al = 103 nm and as = 42 nm, respectively. The DLS data also indicated that both particles had narrow distribution in their radii (with the heterogeneity < 0.05). For the suspensions examined, the bare volume fraction of the S particles increased only a little (from 0.42 to 0.43) with decreasing ws from 1 (pure small particles) to 0 (pure large particles). However, the surface charge density was different for the large and small particles, as noted from their zero-shear viscosity shown later in Fig. 3 . Thus, the electrostatic shell thickness and the corresponding effective volume fraction eff were different for these particles:
eff decreased from 0.58 to 0.48 with decreasing ws from 1 to 0. This change of eff, not occurring for the hard-core silica particles, was the key factor determining the changes of the viscoelastic behavior of our bimodal S suspensions with ws.
RESULTS AND DISCUSSION

Overview of Linear Viscoelastic Behavior
For the two unimodal suspensions (ws = 0 and 1) and three bimodal suspensions (ws = 0.25, 0.5, and 0.75) of the S particles at 25 , Fig. 1 shows dependence of the storage and loss moduli, G' and G" (unfilled and filled circles), on the angular frequency . All suspensions exhibit viscoelastic relaxation characterized with the terminal tail, G' 2 and G" (cf. solid curves).
For aqueous suspensions of monodisperse MS particles examined previously, 1 3 -1 5 ) the terminal relaxation is assigned as the relaxation of the Brownian stress due to the particle diffusion over a short distance ≈ particle radius. This should be the case also for the similar, unimodal S suspensions as well as for the bimodal S suspensions.
From the terminal tail of the G' and G" data, the zero-shear viscosity 0 , the elastic coefficient A, the terminal relaxation time (second-order moment relaxation time) , and the steady state compliance J are evaluated as 19) The 0, , and J of the suspensions evaluated in this way are contributed from both Brownian relaxation and hydrodynamic drug of the particles. Nevertheless, both t and 0 firstly decrease and then increase with increasing ws from 0 to 1, while J does not change significantly on the increase of ws up to 0.5 but decreases moderately on a further increase of ws.
The minimum of , seen for the S suspensions, is never observed for the hard-core silica suspensions. 16, 17) We analyzed this difference in relation to effects of the electrostatic shell of the S particles on t (and 0). The results are summarized below.
Electrostatic Shell Thickness and Ionic
Strength
For monodisperse hard-core silica particles, the zero-shear viscosity 0 normalized by the medium viscosity m is universally dependent on irrespective of the particle radius.
, 7 )
Our previous studies indicated that the 0 / m ratio of surface-charged MS particles does not follow this universal f dependence because of the electrostatic shell at the particle surface. [13] [14] [15] Instead, these MS particles exhibited universal dependence of 0 / m on the effective volume fraction eff including the shell volume, and this dependence agreed with the universal dependence seen for the hard-core particles. [13] [14] [15] In other words, the electrostatic shell works as a part of the effective hard-core radius in the linear viscoelastic regime at long time scales where 0 is measured.
For our large and small S particles in respective unimodal suspensions, the 0 / m ratio was larger than that expected from their f values (0.43 and 0.42) because of the contribution from the electrostatic shell. This situation is similar to that seen for the MS particles. Thus, we can evaluate the effective eff of the large and small S particles by comparing the 0 / m ratios of these particles and hard-core silica particles.
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The results of this comparison are shown in Fig. 3 .
In to evaluate a ratio of the I values in the two unimodal suspensions,
Here, the subscripts "l" and "s" stand for the large and small particles in respective unimodal suspensions.
As noted from Eq. 3, the ions (originally included in the emulsion polymerization batches of the particles) are more concentrated in the unimodal suspension of the large particles than in the suspension of the small particles to exhibit a stronger screening effect (smaller ) in the former. Consequently, in the bimodal suspensions prepared by mixing these two unimodal suspensions, the ionic strength decreases as the mixing ratio ws for the small particles is increased from 0 to 1. This fact becomes the key in the analysis of the rheological behavior described below.
Analysis of Relaxation Time and Zeroshear Viscosity
For bimodal hard-core suspensions of silica particles with the radius ratio al/as < 4, Shikata et al. 16, 17) found that 0 exhibits a shallow minimum while decreases monotonically (without exhibiting the minimum) on an increase of ws. For explanation of this behavior, they considered that the terminal relaxation of those bimodal suspensions is equivalent to a Brownian relaxation of hypothetical monodipserse particles with a radius being equal to an average of the radii of the particles therein. The Shikata-Niwa-Morishima (SNM) model, formulated on the basis of this consideration, well described the ws dependence of the 0 data obtained for the bimodal silica suspensions. 16) In contrast, for our bimodal suspensions of the surface-charged S particles (with al/as = 2.45 < 4), the minimum is observed for both 0 and ; cf. Fig. 2 . This behavior, in particular the minimum of , can be related to the change of the ionic strength I with ws.
We here utilize the SNM model to quantify this point.
with the particle radius polydispersity, high-frequency viscosity, and the Brownian contribution to the zeroshear viscosity. These factors are separately evaluated below.
radius polydispersity factor Qa (ws)
The averages <aeff> and <a 
high-frequency viscosity factor Q (ws)
The high-frequency viscosity included in the Q factor (Eq. 6b) changes with the effective volume showed that the / data are close to the ratios { / m }KD and { / m }MO calculated from the KriegerDougherty (KD) 20) and Mori-Ototake (MO) 21) theories.
In particular, excellent agreement is noted between the data 17) and an average of these theoretical ratios.
(A small but non-negligible difference is observed between the { / } and { / m}MO ratios.) 
Brownian factor QB(ws)
The Some comments need to be added for this usage of the A and As data in the evaluation of Q (w in a semi-empirical way (that is still based on the SNM model).
Limitation of Model
The SNM model is originally formulated for hardcore particles. 16) In the previous sections, we have (Fig. 3) , our model predicts / 1 (cf. Eq. 6).
This calculated ratio is moderately larger than the observed ratio, / 0.5 ( Fig. 2a) The results are summarized below.
Comparison with Experiments
The relaxation time of the S suspensions predicted from our model (Eq. 6) was calculated from the Q (w ), Here, we should emphasize that the changes of the radius and its polydispersity alone cannot result in the below.
Strain required for particle collision
The Brownian stress is determined by the anisotropy of the spatial distribution of the particles. [1] [2] [3] 8, 9) In general, this anisotropy increases in proportion to and the Newtonian behavior prevails only under slow flow at << -1 . [10] [11] [12] The proportionality vanishes and the nonlinear thinning occurs under faster flow, and this nonlinearity is enhanced when the particle collision (induced by flow) tends to randomize the particle distribution.
12)
Thus, a difference of the magnitude of particle collision in the unimodal and bimodal suspensions quite possibly leads to the observed change in the magnitude of thinning with w (Fig. 4 ).
This argument suggests that an average strain required for the particle collision 12) is a key quantity governing the thinning behavior of those suspensions.
For concentrated unimodal suspensions, is defined as a ratio of the averaged distance between surfaces of neighboring particles at equilibrium to the particle radius. 12) Our bimodal suspensions are modeled as the hypothetical unimodal suspensions having the averaged bare radius <a>= n a + (1-n )a , with n being the number fraction of the small particles (Eq. 8).
Thus, utilizing the above definition, we estimated in our suspensions as Here, is the particle number density, and the average distance between the centers of neighboring particles is given by (For the flow imposed over a period of time t, the nominal strain is given by t. However, the relaxation in the suspensions erases the strain at t > . Thus, the effectively imposed strain is given by .)
The normalized plot shown in Fig. 4b confirms that the thinning at a given value is the weakest for w = 0.25. This result can be related to the thinning mechanism for the Brownian particles, as discussed the thinning of these suspensions is commonly governed by the particle collision and the difference in the magnitude of thinning of the suspensions reflects the difference in their specifying the onset of flowinduced collision.
Finally, a comment needs to be made in relation to this conclusion. Since the electrostatic shell of the particles is soft and penetrable under large stresses in the nonlinear regime, 15) we have utilized the bare radius <a> in Eq. 15 to estimate the strain required for the collision, . However, the results shown in Figs. 5 and 6 hardly changed even for the strain evaluated from the effective radius <a > (Eq. 7). Thus, the existence of the electrostatic shell introduced no uncertainty in our argument about the thinning behavior.
CONCLUDING REMARKS
We have examined rheological properties of 
